Carbon dioxide sequestration: olivine distribution in Mozambique for the purpose of sequestering CO2 by Ernes, M
 
 
 
 
 
 
 
 
 
 
 
 
2010 
 
Master thesis for 
Environmental Sciences:  
Open University 
The Netherlands 
 
By: 
Marcel Ernes 
 
CARBON DIOXIDE SEQUESTRATION 
Olivine distribution in Mozambique for the purpose of sequestering CO2 
 
2 
 
 
Author: 
 
Marcel Ernes 
Vlasmeersestraat 6 
Vught 
M.M.G.Ernes@student.uu.nl 
M.Ernes@versatel.nl 
 
 
 
 
Supervisors: 
 
Dr. Joris Koornneef 
Copernicus Institute 
Research Institute for Sustainable Development and Innovation 
Utrecht University 
Heidelberglaan 2 
Utrecht 
J.M.Koornneef@uu.nl 
 
Prof. Dr. Lucas Reijnders 
Open University 
Valkenburgweg 177 
Heerlen 
Lucas.Reijnders@ou.nl 
 
 
For: 
 
Master Thesis Marcel Ernes 
 
Faculty of Environmental Sciences 
Open University 
Valkenburgweg 177 
Heerlen 
 
Utrecht University 
Heidelberglaan 2 
Utrecht 
 
Period: 
April 2009 – May 2010 
 
 
3 
 
Summary 
 
Recently it has been proposed that enhanced weathering of Olivine could provide an 
alternative to other CO2 mitigation options. In this research enhanced weathering is used to 
provide a means of sequestering CO2, with Olivine. The Olivine is used as a gravel road 
building substitute in the country of Mozambique in Africa. The extra amount of CO2 that 
will be needed to use Olivine as a road building substitute will be subtracted from the total 
amount of CO2 that will be sequestered in order to provide the total amount of CO2
 
 avoided. 
Four scenarios in which different amounts of Olivine have been used as substitutes for gravel 
road building in Mozambique, have been analyzed both from a cost perspective and from an 
energy use perspective and by compiling a simple CO2
 
 balance. This has been done by using 
literature references and contacting (local) authorities on road building projects.  
Several factors are important when using Olivine for enhanced weathering. Olivine dissolves 
when in contact with water. Rainwater brings a steady supply of water to the road. The pH 
value of the rain has influence on the reaction rate of Olivine with CO2, with lower pH values 
the reaction rate increases and thus the amount of CO2
 
 sequestered increases. Another 
important factor is the grain size of the Olivine. In the Olivine scenarios, Olivine of the 
following grain sizes is used:  
     
 Base case Scen. 1 Scen. 2 Scen. 3 Scen. 3 Scen. 4 Scen. 4 
Olivine diameter  top layer top layer top layer base layer top layer base layer 
75 μm no yes yes yes yes yes yes 
425 μm no no yes no no yes yes 
2360 μm no no yes no no yes yes 
 
Table 1: Olivine content per scenario 
 For the 20 years lifespan of the road it is assumed that the 75 μm grain sizes dissolve for 
100%, the 425 μm grain sizes dissolves for 53% and the 2360 μm grain sizes dissolve for 
12%. In the 10 years lifespan of the road, the 75 μm grain sizes dissolve for 95%, the 425 μm 
grain sizes dissolve for 30% and the 2360 μm  grain sizes dissolve for 6%. 
 
The results of these analysis show that for all scenarios the price of CO2 avoided lies between 
$13- $ 65 /ton for a 20 year lifespan of the road. And prices for a 10 years lifespan of the road 
range from $14-$66 /ton of CO2 avoided. When the Olivine has a slower reaction rate, less 
CO2 is avoided, so the extra investment for using Olivine raises the price.  The distance of the 
Olivine source to the road building project has a positive effect on the CO2
 
 avoidance price, 
the lower the distance the lower the price. 
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1 Introduction 
 
 
Since the industrial revolution, mankind has been burning fossil fuels on a large scale for its 
energy consumption.  Apart from economic crises, there tends to be an increase in the use of 
fossil fuels and thus an increase in the amount of Carbon Dioxide (CO2) released into the 
atmosphere by humans (Energy Information Administration, 2008). According to the Energy 
Information Administration of the U.S. Government the amount of CO2
 
 emitted into the 
atmosphere was 29 Gigaton (Energy Information Administration, 2008) in 2006, which means 
an increase of 35% when compared to 1990 levels. 
This excess release of CO2
 
 into the atmosphere is thought to be responsible for an increase in 
the oceans acidity and ‘global warming’ which causes all kinds of climate changes from 
increasing hurricane intensity to widespread coral bleaching (Davidson, 2006).  
Since mankind is so dependent on fossil fuels, it is not expected that a dramatic cut in CO2 
emissions will happen anytime soon, given that 88 %  of the world’s energy requirement is 
met by fossil fuels (oil, natural gas and coal) (BP, 2008). The development of alternative fuels 
is definitely on its way, but before the world’s energy production is transformed to sustainable 
alternatives it will probably be too late and CO2
 
 levels will have reached dangerous levels 
(Hansen et al, 2007). 
There are various options to reduce CO2 emissions. Increasing energy efficiency and large 
scale use of renewable energy sources are ways to reduce CO2 emissions.  Carbon Capture 
and Storage (CCS) is another option that is currently being researched (Damen, 2007), 
whereby anthropogenic CO2
Another way to store CO
 is captured at point sources and then stored underground.  
2 is by means of mineral oxides. These mineral oxides are used to 
create stable mineral carbonates. This idea of storing CO2 can be done both in-situ and ex-situ 
(Gerdemann et al ,2002) (Lackner et al, 1995). In-situ by using direct carbonation of minerals 
at high pressure and elevated temperatures or ex-situ with carbonation in an aqueous solution. 
The location of the processes is in the vicinity of large point sources of CO2. In other words 
large transportation routes for hauling CO2
The first studies of carbonation suggest that the cost estimates were encouraging for ex situ 
processes compared with in situ processes
 are being avoided.  
 
 
(Lackner et al, 1995).  
Numerous papers have been written on ex-situ and in-situ mineral carbonation. In the case of 
ex-situ carbonation, the process must be fast and effective. The rate of the reaction needs to be 
accelerated by raising the reactivity of CO2
In-situ carbonation is the process whereby CO
 in the aqueous environment and/or reducing 
particle size of the mineral applied. A survey thereof is given by Gerdemann (Gerdemann et 
al, 2002).  
2 is fixated in underground geological 
formations. Other than by CCS the CO2 is not only stored underground but also fixated 
underground. CO2 is injected in favorable rock formations under 20-100 bar (Gerdemann, 
2002). In-situ processes, however, do bring about risks of leakage. Furthermore, information 
on CO2 fixation and aquifers and host rocks is needed.(Gerdemann et al, 2002). These host 
rocks need to have a certain amount of porosity. Temperature and pH do influence the CO2 
solubility (Gerdemann, et al, 2002). Both in-situ and the ex-situ processes described by 
Gerdemann et al are carbonation processes which require large amounts of energy and are 
costly (Gerdemann et al, 2002, Schuiling & Krijgsman, 2006). This has given rise to the 
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search for alternative ex-situ possibilities. One of these is “enhanced or stimulated 
weathering”. In this case the mineral is distributed on soil or in surface water and after that 
reacts with atmospheric CO2 (Schuiling & Krijgsman, 2006). Enhanced weathering may 
entail relatively low costs and inputs of energy if compared with the processes described by 
Lackner et al. and Gerdemann et al. The present research builds on the concept of enhanced 
weathering and will investigate the energy input and costs of using a mineral which can be 
carbonated, when applied in roads. Specifically rural roads, which for the most part of the 
tropical region of Africa consist largely of dirt or gravel roads. By substituting the gravel for a 
carbonating mineral, CO2 can be sequestered.  This process can be interesting for the 
temperatures in the tropical zone are considered to be around 28 degrees Celsius year-round, 
which will improve the reaction rate of the Olivine (Hangx & Spiers, 2009). Another benefit 
of this process is the occurrence and recurrence of the wet season which provides a fairly 
steady flow of rainfall each year and thus forms a stimulant for the reaction of CO2
 
 with 
Olivine to occur (see equation 1.1).    
 
Typical minerals for carbonation processes that are under current investigation are: 
Olivine, Albite and Serpentine. These minerals are readily available in large quantities all 
over the planet. (Lackner et al, 1995). This research will be limited to the utilization of 
Olivine as a mineral carbonate reactant, because the natural weathering rate of Olivine is 
fastest compared to other common minerals (Schuiling & Krijgsman, 2006). 
 
 
The following chemical reaction for Olivine (magnesium based) is stated (Lackner, 2005): 
 
 
Mg2 SiO4 (Olivine) + 4 CO2 + 2 H2O   2 Mg2+(HCO3)2  + SiO20
 
          (1.1) 
 
Reaction 1.1 shows that soluble bicarbonates are formed under ambient conditions. This is 
done by direct reaction with CO2 or by binding a second CO2 molecule to carbonates already 
present in nature (Lackner, 2005). The amount of bicarbonates that are formed in reaction 1.1 
could partly precipitate into the ocean, in effect permanently fixating approximately 50% of 
the sequestered CO2 in solid form (Hartman & Kempe, 2008) (Hangx & Spiers, 2007). In wet 
climates initially only reaction 1.1 is relevant, because it will take a long time before the 
magnesium bicarbonate solutions finally reach the oceans where in the end they will 
precipitate as carbonates 
 
(Schuiling, 2009). 
 
The following research question is formulated:  
 
 
Is sequestering CO2
 
 by using Olivine, in an African country (in the tropical zone) an 
economically, technically and environmentally viable option, when the Olivine is used as a 
substitute for gravel road building? 
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In order to answer this question the following sub-questions need to be answered: 
 
- Which country in Africa is suitable for distributing the Olivine in the road system? 
- Under what circumstances is Olivine suitable for road construction?  
- Can a scenario be made for carbonation of Olivine used in road building?  
- What is the potential of CO2
- What could be the consequence for the structural integrity of the road when using 
Olivine as a road building substitute? 
 sequestration for this scenario? 
- Under what circumstances is the rate of the chemical reaction suitable for providing a 
net sink for CO2
- What are the costs of the consequent method of distribution of Olivine? 
? 
- What is the energy requirement of this method? 
- What is the CO2
- What price of CO
 balance of this method?  
2 credits would make this option a serious candidate for CO2
 
 
mitigation? 
This report will address these questions as follows: 
 
• Chapter 1, the introduction, in this chapter the research question is described; 
• Chapter 2, the methodology, this chapter describes the methodology of this research; 
• Chapter 3, Olivine for road building in Africa, describes what Olivine is and the 
occurrence of Olivine in Africa. Also describes how Olivine can be used for road 
building and describes the reaction rate of Olivine; 
• Chapter 4, the data collection chapter describes the available data and assumptions that 
are used in this research; 
• Chapter 5, the results of the cost and energy analysis are described in this chapter; 
• Chapter 6, in this chapter the sensitivity analysis is described; 
• Chapter 7, the discussion, in this chapter several important issues are described that 
can influence the outcome of the research; 
• Chapter 8, the conclusion and recommendations, in this chapter the conclusion is 
drawn and recommendations will be made; 
• Chapter 9, the references, in this chapter all references for this research are summed 
up. 
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2 Methodology 
 
2.1 Aim of the research 
 
The aim of this research is to provide insight into the economic, technical and environmental 
viability of distributing Olivine in an African country in the tropical region by using the 
Olivine in the construction and maintenance of that country’s road system. 
This research will try to answer a set of questions which are proposed in the introduction. 
These questions are mostly focusing on the costs of the operation and on the energy use of the 
operation compared to normal road construction and maintenance. A CO2 balance will also be 
provided in order to give an insight in whether distributing Olivine in this method is also an 
acceptable way of mitigating CO2
2.2 Scope of the research 
 from a greenhouse gas performance perspective. 
 
The geographical scope of this study is limited to the tropical zone of Africa. See fig. 2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Figure 2.1 Geographical scope of this research 
This research is based on economical data from the year 2007 and before, and refers to 2007 
as the base year (index=100). 
 
For the technical scope the road building process is divided in a cost analysis and an energy 
analysis. 
The road building process from a cost perspective will be confined to: 
1. Getting material, meaning the actual mining and grinding of the material used 
for road building; 
2. Transporting material, meaning the transport of material from the mine to the 
building site; 
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3. Placing material, meaning the spreading of the gravel on the road to be 
constructed; 
4. Additional costs, not resource related. 
 
The energy perspective of the standard road building process is confined to: 
 
1. Getting material: 
a. Excavation, 
b. In pit transportation, 
c. In pit crushing to required grain-size output, 
2. Transporting material: Transportation by dump truck; 
3. Placing material: 
a. Loader, spreading the material dumped by the dump trucks; 
b. Grader, getting the road into the appropriate shape; 
c. Compacter, compacting the material on the road; 
 
The energy perspective of the Olivine road building process is confined to the following 
process: 
1.  Getting material 
a. Drilling, blasting, excavation, in-pit transport and in-pit crushing; 
b. Grinding to obtain grain sizes of 75 μm and 425 μm. 
 
For this research, no waste generated or waste treatment in the road building process is taken 
into account. Also byproducts of the mining process are not taken into account.  
 
For the CO2 balance, only the direct CO2
 
 emissions for the road building process are taken 
into account. No other greenhouse gasses are being taken into account. 
 
The information that is used for this research is mostly region related (Africa). In some cases 
however cost information was used that is more generic and not region related (but referring 
to other continents). 
 
2.3 Research methods 
 
2.3.1 Defining the country for distributing Olivine 
 
To define the best country for distributing Olivine the availability of data has been leading. 
Subsequently the following criteria are valid: 
 
• Availability 
This criterion is used to determine whether large-scale Olivine deposits are easily 
accessible. If transport is required beyond a country’s borders the option is discarded. 
The availability in the specific country has been established by interviewing Prof. Dr. 
Schuiling of Utrecht University or by using data from the United States Geological 
Survey.  
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• Capacity 
When Olivine is available in a country, the next criterion is capacity. Does the country 
have the means for distributing Olivine (Railroad, roads or shipping)? Is there a 
logistical capability for distributing Olivine? The verification of this criterion proceeds 
by searching for scientific papers on road systems that are available, or by means of 
contacting local authorities in the set country. 
 
 
2.3.2 Determining the chemical reaction rate 
 
 
To develop a realistic scenario for carbonation of olivine applied in road building a literature 
analysis will be made.  
 
2.3.3 Is Olivine suitable for road construction? 
 
 
To determine whether Olivine can be used in road construction, an analysis will be made of 
the physical properties of Olivine compared to the physical properties of normal road 
construction materials (such as gravel), such as grain size, density and solidity. Data for this 
comparison will be taken from literature studies on road construction materials in the region 
of Africa and an interview with a civil engineer in the Netherlands. 
 
2.3.4 Road building scenarios 
 
 
In order to give a good overview of the costs and the energy use of using Olivine as a 
substitute for road building, four different scenarios will be compared to a base case scenario. 
These are: 
 
• Base case scenario. A standard road building scenario, which is taken from literature. 
(Ministry of Housing and Public Works, 2007) 
• Scenario 1: Olivine in top gravel layer. In this scenario, Olivine is used in the top 
gravel layer and the diameter of the Olivine used is 75 μm (Sieve no. 200).  
• Scenario 2: Olivine in top gravel layer. In this scenario, Olivine is used in the top 
gravel layer and the diameter of the Olivine used is 2,36 mm, 425 μm and 75 μm 
(Sieve no. 8, 40 and 200).  
• Scenario 3: Olivine in base- and top layer. In this scenario, Olivine is used in both the 
base- and top gravel layer and only in a diameter of 75 μm (Sieve no. 200).  
• Scenario 4: Olivine in base- and top layer. In this scenario, Olivine is used in both the 
base- and top gravel layer and the diameter of the Olivine used is 2,36 mm, 425 μm 
and 75 μm (Sieve no. 8, 40 and 200).    
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 Base case Scen. 1 Scen. 2 Scen. 3 Scen. 3 Scen. 4 Scen. 4 
Olivine diameter  top layer top layer top layer base layer top layer base layer 
75 μm no yes yes yes yes yes yes 
425 μm no no yes no no yes yes 
2360 μm no no yes no no yes yes 
 
Table 2.1 Olivine content per scenario 
These four scenarios all have different amounts of Olivine fractions. They have different costs 
and different amounts of CO2
1. The gravel road will sequester CO
 avoided.  For all four scenarios two life spans will be taken into 
account.  
2
2. The gravel road will sequester CO
 for a period of 10 years. 
2
 
 for a period of 20 years. 
All eight scenarios will be compared to a base case scenario. Maintenance will not be taken 
into account in this research. 
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2.4 Cost and Energy analysis 
 
For the cost and energy analysis, a base case scenario will be used. This reference case 
represents a standard road building case in tropical Africa. This reference case is then 
specified into categories which will be determined with assumptions.  
 
The costs per kilometer will be subdivided into: 
 
1.  Getting material, meaning the actual mining and grinding of the material used 
for road building.  For gravel in a roadside quarry and for Olivine from a 
central quarry; 
2. Transporting material, meaning the transport of material from the mine to the 
building site by dump truck; 
3. Placing material, meaning the spreading of the gravel on the road to be 
constructed by loader, compactor and grader; 
4. Additional costs, not otherwise specified. For example ground preparation 
costs, etc. 
 
The energy use per kilometer will be subdivided into: 
 
1. Getting material, meaning the actual mining and grinding of the material used 
for road building; 
2. Transporting material, meaning the transport of material from the mine to the 
building site; 
3. Placing material, meaning the spreading of the gravel on the road to be 
constructed; 
 
These three categories are then broken up further for the gravel process: 
 
1. Getting material: 
a. Excavation, 
b. In pit transportation, 
c. In pit crushing to required grain-size output, 
2. Transporting material: Transportation by dump truck; 
3. Placing material: 
a. Loader, spreading the material dumped by the dump trucks; 
b. Grader, getting the road into the appropriate shape; 
c. Compacter, compacting the material on the road; 
 
For the olivine process, the three categories are broken up according to: 
 
1. Getting material 
a. Drilling, blasting, excavation, in-pit transport and in-pit crushing; 
b. Grinding to obtain grain sizes of 75 μm and 425 μm. 
2. Transporting material: Transportation by dump truck; 
3. Placing material: 
a. Loader, spreading the material dumped by the dump trucks; 
b. Grader, getting the road into the appropriate shape; 
c. Compacter, compacting the material on the road; 
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2.4.1 Cost analysis 
 
To perform the cost analysis, first, data for the operation costs of road construction will be 
collected from literature. The analysis will result in an average cost of road construction 
expressed per kilometer of road constructed. Then the different components of total costs are 
defined and these values result in percentages of the total costs. Next these costs will be 
compared to the costs when using Olivine as construction material. First the base case 
scenario is subdivided into different cost aspects: 
 
tsadditionalerialplacingmatngmaterialtransportierialgettingmattotal CCCCC cos+++=  (2.2) 
 
For comparing this to the four Olivine scenarios, the Olivine fractional costs will be added to 
formula 2.2 by using the following formula: 
 
olivineerialplacingmatolivinengmaterialtransportiolivineerialgettingmattotalolivinetotal
CCCCC +++=         (2.3) 
 
C total
C
   = Total cost for all the components of the process ($/km of road constructed) 
total Olivine
C 
  = Total costs for all components including Olivine fraction ($/km of road constructed) 
getting material
C 
  = Cost related to obtaining construction material ($/km of road constructed) 
getting material Olivine  
C 
= Cost related to obtaining Olivine as construction material ($/km of road constructed) 
transporting material  
C 
= Cost related to transporting construction material ($/km of road constructed) 
transporting material Olivine
C 
  = Cost related to transporting of reference Construction material ($/km of road constructed) 
placing material
C 
  = Cost related to placing of construction material ($/km of road constructed) 
placing material Olivine
C 
  = Cost related to placing of construction material with Olivine ($/km of road constructed) 
additional costs
 
 = Additional costs not Gravel/Olivine related ($/km of road constructed) 
The costs of road construction and maintenance will be used from literature (when available 
otherwise an assumption is made) to determine the total amount of costs that are made. This 
amount is thus compared to a normal road construction project and a conclusion will be 
drawn.  
 
2.4.2 Energy analysis 
 
 
With the energy analysis, the energy use of the total mining and distribution chain will be 
calculated. In this calculation all steps in the Olivine production and distribution will be taken 
into account and will be compared to normal road construction project. The following formula 
will be used: 
 
erialPlacingmatprimngmaterialTransportiprimerialGettingmatprimtotalprim
EEEE ,,,, ++=  (2.3) 
 
In the same way as with the cost analysis, the amounts of energy used for the different Olivine 
fractions are added to formula 2.3 by using the following formula: 
 
neerialOliviPlacingmatprimOlivinengmaterialTransportiprimneerialOliviGettingmatprimltotaprimnetotalOliviprim
EEEEE ,,,,, +++=
 (2.4) 
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E prim, total,    
E
= Total primary energy use of road building (GJ/km of road constructed) 
 prim, total, Olivine   
                                        constructed) 
= Total primary energy use of road building including Olivine fraction (GJ/km of road                
E prim, getting material   
E
= Energy use related with obtaining construction material (GJ/ km of road constructed) 
 prim, transporting material  
E
= Energy use related with transporting of construction material (GJ/ km of road constructed) 
 prim, placing material  
 
= Energy use related with the placing of construction material (GJ/ km of road constructed) 
The amount of primary energy used is thus compared to a normal road construction project. 
The data for transporting and placing the material will be taken from literature or by 
contacting (local) authorities on road construction. In the end, data from both methods will be 
compared and a conclusion will be made. 
 
2.4.3 CO2
 
 balance 
The scope of the CO2 balance will be to give an overview of the CO2 that is used for using 
Olivine in the road building process and the eventual CO2
 
 sequestration of the same process 
for a period of 10 and 20 years.  
To create a CO2 balance linked to the use of primary energy, the data from the energy 
analysis will be used. First the CO2 emissions in the process of road construction will be 
expressed in tons per kilometer of road constructed. The data for the emissions will be taken 
from literature (Sinoway, 2009) (Vermeulen, 2010) (International Energy Agency, 2007) 
(Eloranta, 2007) or by making assumptions for the different stages in the process using 
available data. Secondly, the CO2 sequestration will be analyzed. Then the CO2 balance will 
be used to show the amount of CO2 that is being avoided by using Olivine in the road 
construction process. From this the costs of CO2
 
 avoided can be calculated. 
To make a cost analysis based on costs of CO2
 
 avoided the following formula will be used: 
avoidedreferencetotalOlivinetotalavoidedCO COCCC 2)()(2 )( ÷−=  (2.5)  
 
CCO2avoided = Cost of CO2 avoidance ($/ton CO2 avoided
C
) 
total
C
 = Total costs for all the components of the distribution chain for Base case scenario ($) 
total Olivine
CO
 = Total costs for all the components of the distribution chain for Olivine scenarios ($) 
2 avoided = Amount of CO2 avoided (ton of CO2
 
) 
The amount of CO2 fixated is the net amount of CO2 that will be stored by using Olivine 
(which captures CO2) instead of normal road construction material in the process of building 
a road system. Then the data of the Olivine distribution will also be compared to current CO2 
mitigation based on different mitigation methods. The costs and amount of CO2 fixated will 
give a CO2 mitigation cost for this method of sequestering CO2
 
.  
2.4.4 Normalization 
 
In order to compare all different costs, the cost data needs to be normalized. The costs will be 
normalized using 2007 as base year and will be expressed in US dollars. To calculate all the 
different amounts to 2007 value a GDP deflator method (U.S. Department of Agriculture, 
2009) will be used. 
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3 Olivine for road building in Africa 
 
 
3.1 What is Olivine? 
There are three main types of rocks. Sedimentary (formed by deposition), metamorphic 
(transformation of existing rock) and igneous rocks which are being formed by cooling of 
magma. These igneous rocks constitute approximately 95% of the earth’s crust (Schuiling, 
2009). The igneous rock consists of mafic- and ultramafic rocks. Mafic refers to a silicate 
mineral. Ultramafic rocks consist of approximately 90% mafic minerals which have a high 
magnesium content 
Olivine occurs in both mafic- and ultramafic rocks, although it can also occur in metamorphic 
rocks
(Harben & Smith Jr., 2006).  
 
• 45 – 51% MgO  
(Veld, Roskam, & van Enk, 2008). The Olivine is created out of the crystallization of 
magma that has large amounts of magnesium and low amounts of silica. Dunite is a member 
of the peridotites which contains the highest percentage of Olivine (more than 90%). Others 
are Harzburgite, Wehrlite and Iherzolite all with an Olivine content of 50 to 90 %. This 
research will focus on Dunite as a source for Olivine. Usually Olivine co-exists with other 
minerals. The following specifications are given for commercial Olivine (Harben & Smith Jr., 
2006): 
• 40 – 43%  SiO2
• 7 – 8 % Fe
   
2O3
• 0,2 – 0,8% CaO  
    
• 1,8 – 2%  Al2O3, TiO2, MnO, Cr2O3
Olivine contains for the largest part Magnesium oxide and silica, furthermore Olivine contains 
some Iron oxide, some Calcium oxide and some small amounts of metals, however not in 
toxic amounts (Schuiling & Krijgsman, 2006). 
, NiO and CoO 
Today Olivine material has three main commercial uses. As slag conditioner, foundry sand 
and sandblasting material 
For calculating the cubic meters of material used for road building construction to tons of 
Olivine the specific gravity of Olivine is assumed to be 3,3 (Gaines, Skinner, Foord, & 
Mason, 1997).  
(CREW, 2004).  
 
 
 
 
 
 
 
 
 
 
 
17 
 
3.2 Olivine availability in Africa  
 
According to Schuiling, Olivine rich rocks (Dunite) are found all over the world. At present 
Olivine mines can be found in Norway, Spain, Turkey, Italy and Greenland among others.   
Olivine is found mainly in peridotites and dunites (Schuiling, 2009). This research will focus 
on availability of large dunite massifs that are readily accessible for mining.   
In an interview prof. Schuiling mentioned that there are several large dunite massifs which are 
readily available for mining in Africa. The following countries were mentioned (Schuiling, 
2009): 
• Malawi 
• Tanzania 
• Congo 
• Sierra Leone 
• Guinea 
• Mozambique 
For obvious reasons there are several countries in this list that will be excluded on basis of 
instability of the government. These two countries Sierra Leone  (BBC News country profiles, 
2009) and Congo (BBC News country profile, 2009) who attract little foreign investment due 
to internal conflicts and corruption (U.S. Departement of State , 2006) (U.S. Departement of 
State , 2008). Others are being excluded due to their small size, which gives these countries 
less potential for sequestering CO2
This leaves three serious options. Being: 
. These countries being Malawi and also Sierra Leone. 
• Tanzania at 945.087 km².  
• Guinea at 245.857 km2
• Mozambique at 801.590 km
.  
2
About two-thirds of Mozambique is covered by igneous and metamorphic rocks of Archaean 
to Neoproterozoic age, occurring mostly in the north and northwest (
.  
see figure 3.1 in purple), 
while Phanerozoic terrains are found south of the Zambezi valley and along the coastal belt in 
the northeast (National Directorate of Geology of Mozambique, 2005).  
 
Figure 3.1 Geology of Mozambique 
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3.3 Suitable country 
 
In order to acquire data, the relevant ministry in all three most relevant countries has been 
contacted by the researcher. Since there was only one party willing to share information in 
these three countries, this research will be about Mozambique. In this paragraph an overview 
is given of the logistical capabilities and infrastructure status of the selected country. 
3.3.1 Current mining operations  
According to the US Geological Survey (Yager, 2007), the mineral industry in Mozambique 
consists mainly of: 
• the production of  
o ilemenite, rutile, morganite, bauxite, dumortierite; 
o brick clay, garnet, sand, gravel and crushed rock; 
o gold, zircon, aquamarine, and tourmaline; 
o processed bentonite, crude bentonite; 
o natural gas and coal; 
o beryl; 
o limestone; 
o niobium (columbium) and tantalum; 
o quartz. 
There already is extensive ongoing mining operation in this country. These operations include 
sand, gravel and crushed rock mining. Sand and gravel can easily be applied for road 
building. In the following cost analysis crushed rock will be used as a base for the unit price 
of Olivine for road building, since there is no data available for Olivine prices in 
Mozambique.  
3.3.2 Infrastructure status 
The infrastructure status is described as the possibility of the country to distribute the quarried 
Olivine to locations where it is needed and to what extend the current road system can absorb 
Olivine as a substitute for road building material.  In other words what is the logistical 
capability of Mozambique? 
 
First an overview of the different road classes is given by the traffic department (Fernandes, 
2009).  
 
 
 
 
 
 
 
 
 
Table 3.1: Different road classes in Mozambique 
There is a great percentage of gravel roads in Mozambique. Of the primary and secondary 
roads the remaining percentages will be asphalt or other hard surfaces. The remaining 
percentages of tertiary and vicinal roads are soft covered with sand or clay. 
An overview on the current road system status is obtained from the ministry of transportation. 
Mozambique has a total of 24.318 km of roads (Fernandes, 2009), divided in four categories. 
Road 
Class 
kms % gravel 
surface 
Primary 1.339 84% 
Secondary 4.020 65% 
Tertiary 12.231 60% 
Vicinal 6.728 33% 
Total 24.318 55% 
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3.4 Reaction rate of Olivine 
 
The reaction rate for Olivine to sequester CO2 is one of the most important factors to take into 
account. The reaction rate determines the rate at which Olivine reacts with CO2
  
. There are 
various factors that influence the reaction rate of Olivine of which the following are named 
specifically: 
• The grain size (or surface area) of Olivine: Smaller grain sizes have larger reactive 
surfaces and thus accelerate the rate of the reaction in which the Olivine captures CO2 
• The acidity of either rainwater or soil composition that comes into contact with 
Olivine. Preferable pH values are low
(Kojima & Nagamine, 1997); 
 
• Temperature: Reaction rates will increase with higher temperatures
(Wogelius & Walther, 1991); 
 
• CO
(Lackner et al., 
1995); 
2 partial pressure: With increasing CO2 partial pressure, reaction rate accelerates 
• Aqueous exposure (O'Connor, et al., 2002), the more humid the environment the faster 
the reaction rate. 
(Lackner et al, 1995); 
 
For natural carbonation reaction rates are slow. They can however be accelerated by 
increasing reactive surface, in effect reducing the grain size of Olivine. 
 
In this research it will be assumed that Olivine is used as road building material. It is also 
assumed that the reaction of Olivine is confined to (Lackner, 2005): 
 
Mg2 SiO4 (Olivine) + 4 CO2 + 2 H2O   2 Mg2+(HCO3)2-  + SiO20
 
     (3.1) 
In this reaction, magnesium bicarbonate in solution is formed under ambient conditions.  This 
leads to the sequestration of 1.25 ton of CO2
 
 for every 1 ton of pure Olivine.  
In a recent study of Hangx (2009) it is assumed that for the Olivine to react it will dissolve in 
water of a pH of ~ 5.7 at a temperature of 25°C. It is assumed that this represents normal 
surface water. Rainwater that falls in similar regions of Africa generally has a                       
pH of ~ 4,5 (Mphepya & Galy-Lacaux, 2006) (Mphepya, Pienaar, & Galy-Lacaux, 2004) 
(Freydier, Dupre, & Lacaux, 1998) and tropical soil can even have a pH of ~4.0 (Hangx & 
Spiers, 2009). This will increase the reaction rate (see Fig. 3.1). An increase in the reaction 
rate can also be expected for raising the temperature (Hangx & Spiers, 2009) to tropical (from 
25°C. to over 30°C). It is assumed that the average temperature in Mozambique is 28°C. 
(Climate information for Mozambique, 2004) To calculate the possible reaction rate at 28°C., 
the Arrhenius equation can be used. 
 






−⋅⋅+=
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Whereby Ro stands for the dissolution rate at temperature T2 in Kelvin, Rt1 is the dissolution 
rate at 25°C. Then Ea is the activation energy in J/mol (79500 J/mol for Olivine). R is the gas 
constant in J/mol.Kelvin at 8.314. T1 is the initial temperature in Kelvin (298 Kelvin). T2 is 
the temperature for which one calculates the dissolution rate in Kelvin (301 Kelvin).  
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This results in the following value for the dissolution rate of Olivine: 
At 25°C the dissolution rate lies between 8,5E-10 and 5,9E-09 mol/m2
Taking the approximated centre point between the upper and lower value the resulting 
dissolution rate is 2,5E-09. 
s. 
Combined with equation 3.2 this gives a dissolution rate of 3,5E-09 mol/m2
 
s, at 28°C. 
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Fig 3.2 Data on dissolution rate of Olivine in water as a function of pH at 25°C. 
 
(Wogelius & Walther, 1991) (Pokrovsky & Schott, 2000) (Golubev, Pokrovsky, & Schott, 
2005) 
The Olivine is then assumed to dissolve according to a shrinking core model 
 
(Levenspiel, 
1972): 
%100
)(
3
0
33
0 ×
−
=
d
tddX Olivine          (3.3) 
 
With tRdtd dissΩ−= 2)( 0          (3.4) 
 
In which XOlivine is the amount of olivine reacted [vol-%], d0 is the initial grain size [m],d is 
the grain size at time t [m], Rdiss is the dissolution rate of the Olivine [mol/m2s], Ω is the 
molar volume of Olivine [43.02 cm3
 
/mol] and t is time [s].  
The next graph shows the following percentages of Olivine reacted after 20 and 10 years 
respectively: 
  75 μm 425 μm 2,36 mm 
20 years 100% 53% 12% 
10 years 95% 30% 6% 
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Table. 3.2 Percentage of Olivine reacted as a function of time at 28° C. 
With this data the following figure can be constructed: 
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Fig. 3.3 The extent of Olivine reaction as a function of time at 28° C. 
This figure clearly shows that with the anticipated dissolving rates of Olivine, the grain size 
that will be particularly interesting is 75 μm in diameter for in 20 years particles have entirely 
dissolved and even in 10 years they have dissolved up to 95% and in that process reacting 
with CO2
The 425 μm grain size still completely dissolves in approximately 75 years but for the time 
span of this research only 30% dissolves in 10 years and around 53% dissolves in 20 years 
with CO
.  
2
For 2,36 mm particle size the percentage reacted is even lower with only 6% dissolved in 10 
years and 12% dissolved in 20 years. 
. 
Clearly one can conclude that by enlarging the reactive surface of the Olivine the reaction rate 
or dissolution rate increases significantly.  
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3.5 To what extent can Olivine replace original building material? 
 
A large percentage of roads in Mozambique constitute of gravel roads, all together 
approximately 13.375 km (Fernandes, 2009). In this next paragraph an overview will be given 
of constituents of a normal gravel road, this overview will be used in the cost analysis that 
will be made in chapter 4. It will also become clear if Olivine can be used as a road building 
material. 
 
The mechanical properties of road building material that define good gravel road building 
material are the hardness of the material and the resistance of the material against sideway 
stresses (Houben, 2009). When Olivine is put trough a mobile crusher, sharp edges will most 
likely occur (Vermeulen, 2010), these sharp edges will have good resistance against sideway 
stresses (Houben, 2009). However when the Olivine is dissolving these mechanical properties 
will change. 
 
A gravel road can be composed of the following constituents (Skorseth & Selim, 2000): 
 
• Quarry aggregates such as: Limestone, quartzite and granite. 
• Glacial deposits of stone, sand, silt and clay. 
• River run gravels, consisting of sand and stones. 
 
A good gravel road consists of a base, which is made of larger top-sized stones and a small 
portion of clay and fine materials. This base thus provides strength and a good way for 
rainwater to drain away directly. It is also important that this base is well compacted in order 
to provide stability and endurance for the road (Houben, 2009). 
For the top layer of a gravel road, a certain amount of binding material should be used. This 
often being, fine materials. In order to prevent the loss of aggregate due to traffic, good gravel 
roads have an optimum in the mixture of their three components; stone, sand and fine 
material. A good gravel road should have the following mixture of materials: 
 
 
Table 3.3: Example of gradation requirements and plasticity for base course- and surface 
gravel (Skorseth & Selim, 2000
 
)  
In this table, the amounts of different gravel sizes are determined for the base course and for 
the surface layer. These numbers will be used further on in the costs and energy analysis. 
They will then be used to determine the amount of Olivine that can be substituted in the 
gravel road and thus the potential amount of CO2 that can be sequestered.  
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The diameters corresponding to the different sieve numbers are 
• 1” sieve diameter of 25,4 mm. 
(ASC Scientific): 
• ¾”sieve diameter of 19,05 mm. 
• ½”sieve diameter of 12,7 mm. 
• Sieve No. 4 diameter of  4,75 mm. 
• Sieve No. 8 diameter of 2,36 mm. 
• Sieve No. 40 diameter of 0,425 mm. 
• Sieve No. 200 diameter of 0,075 mm. 
 
In order to be suitable for sequestering CO2 on a reasonable timescale of approximately 20 
years, the Olivine that will be used for road building will have to have a grain size of < 75 μm 
Thus Olivine in first instance would not be applicable for substitution of the main components 
of a gravel road. However one could argue that the base layer for the gravel road has a life 
span that exceeds the top layer of the road and because of the typical formation of this base 
layer (with larger particles) has good drainage facilities (i.e. rainwater could easily reach 
Olivine surfaces). In this aspect it can be useful to use Olivine in larger grain sizes for this 
base layer. 
(Hangx & Spiers, 2007). This would mean that only the material that passes trough sieve No. 
200 would be applicable for this use.   
The top layer of the road should be made with the smaller grain sizes of Olivine. The 
advantage of using the smaller grain sizes (< 75 μm) of Olivine in the top layer for CO2 
sequestration is that this top layer erodes. It is generally expected that the amount of aggregate 
lost for an average used gravel road is approximately 2-3 centimeters per year 
  
(Houben, 
2009). This means that not only is the Olivine effective on the top layer of the road. But also 
by the spreading of the aggregate due to traffic, in the vicinity of the road, the dissolution 
process keeps on going. Of course this also raises issues of fine dust emission and associated 
health problems which will be addressed in chapter 7. 
Conclusion of this paragraph is that Olivine is suitable for use as a partial substitute of normal 
road building material, but that cost and energy analysis should determine whether Olivine 
could be used only as fine grain material or also as larger grain material.  
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4  Data collection for Cost and Energy analysis 
 
In this chapter a detailed description will be given of the cost and energy analysis calculation 
that will be made. It describes four different scenarios of using Olivine as a road building 
material. These scenarios will all be compared with the base case scenario of normal road 
building (without Olivine).  
 
4.1 Cost assumptions 
 
The costs of road building projects in Mozambique are obtained from the Programa Integrado 
do Sector de Estradas (PRISE) Integration plan from February 2007 (Ministry of Public 
Works , 2007). 
The costs mentioned in this report are based on the Regional Road Investment Program. They 
indicate the civil works costs of building new roads of the secondary, tertiary and vicinal 
classes. These roads are mainly gravel roads and in some cases sand or clay roads (Fernandes, 
2009). Average price of road building in Mozambique is $49.000per kilometer of road 
constructed (Ministry of Housing and Public Works, 2007); of these costs the following 
components could be further identified. All other costs related to road building are classified 
as design and overhead costs.   
 
 
 
Table 4.1 Unit prices (2007 dollars) found in literature on gravel road building projects 
This table shows the unit prices that are used in this report, compiled of the different 
references.  
  Average 
price 
  
  ($/m3  material) Reference 
1.Getting 
material 
Gravel base 
layer 
11   (Ministry of Housing and Public Works, 
2007) 
 Gravel top 
layer 
10  (Ministry of Housing and Public Works, 
2007) 
 Olivine base 
layer 
28 price of 
crushed stone 
(Ministry of Housing and Public Works, 
2007) 
 Olivine top 
layer 
28 price of 
crushed stone 
(Ministry of Housing and Public Works, 
2007) 
2.Transporting 
material 
  4 +$0,22/m3/km 
transported 
(United Nations , 1998) 
3.Placing 
material 
       
  Grading 0,8   (Lebo & Schelling, 2000) 
  Rolling 0,8   (United Nations, 1998) 
  Loading small 
quantities 
3,6   (United Nations, 1998) 
  Loading large 
quantities 
0,8   (United Nations, 1998) 
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4.1.1 Getting Material 
 
 
The total amount for Getting Material is calculated with the unit prices that are given in table 
4.1 and the amount of road building material that is needed, calculated from the Skorseth & 
Selim report on gravel roads (Skorseth & Selim, 2000). The amount of gravel that is used per 
kilometer is calculated to be 1130 m3
 
. For a 7 meter wide road (Ministry of Public Works, 
2007) that amounts to a gravel depth of 20,8 centimeter. That is an acceptable depth for a 
standard gravel road of the primary and secondary classes (Houben, 2009).  
Assumption  
7 Width of road in meters 
20 Depth of gravel in cm. 
1129 Cubic meters per km of road constructed 
20 Truck capacity in cubic 
meters 
56 Truck loads per km of road constructed 
 
Table 4.2: Assumptions for road building 
It is also assumed that the ratio of gravel base and gravel top layer of the road is 80/20 
(Houben, 2009). So 80% of the total amount of cubic meters per kilometer is considered base 
layer material, while 20% of the total amount of cubic meters per kilometer is considered top 
layer material. 
It is assumed that energy for getting the material is supplied by a diesel aggregate, since the 
electricity net is not 100% reliable in developing countries (Vermeulen, 2010). 
4.1.2 Transporting Material 
 
 
For the component Transporting Material the transport distances will be as follows: 
For the base case road building scenario the transport distances will be assumed to be 45 km 
on average as normally quarries near to the building site are used and mobile crushers 
(grinders) are used (Fernandes, 2009;Vermeulen, 2010). For the Olivine scenarios, the Olivine 
transport distances for Mozambique (see fig.3.1) will be assumed to be longer, for mining 
Olivine is assumed to be done in a central part of the country. Transport distances will be 
assumed to be on average 200 km. Transport costs will be calculated using the unit prices 
from table 4.1 . 
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4.1.3 Fractions of Olivine  
 
The amounts of Olivine per scenario are calculated by using the assumed amount of cubic 
meters per kilometer from table 4.2 with the accompanying ratio of base to top layer road and 
then combining this information with the table 3.3. This forms the following amounts of 
Olivine per kilometer of road built: 
 
     
 Base case Scen. 1 Scen. 2 Scen. 3 Scen. 3 Scen. 4 Scen. 4 
Olivine diameter   top layer top layer base layer top layer base layer 
75 μm 0 21 21 21 27 21 27 
425 μm 0 0 54 0 0 54 118 
2360 μm 0 0 118 0 0 118 307 
Table 4.3 Amount of Olivine in m3
4.2 Energy assumptions 
/km 
 
For the energy analysis, the scenarios described in paragraph 4.1 will also be used. In the 
following paragraph a detailed description will be given of the assumptions and method of 
calculation. 
 
4.2.1 Getting Material 
 
 
Getting material is used to describe the process of extracting the material used for road 
building. In the standard road building scenario this will be described as: 
 
1. Excavation assumed to be 9 MJprim
2. In-pit transport assumed to be 2 MJ
/ton of road building material (BCS, Incorporated, 
2002)  
prim
3.  In-pit crushing and sieving powered by diesel generator to obtain a mixture of  grain 
size outputs as described in paragraph 3.5 assumed to be 18 MJ
/ton of road building material  (BCS, 
Incorporated, 2002), 
prim/ton of road 
building material 
 
 (Vermeulen, 2010) 
In the above described scenario it is assumed that the gravel is obtained from nearby quarries 
operated by a mobile crusher. The crusher is fed by excavator. No drilling and blasting is used 
(Vermeulen, 2010). 
 
For the Olivine part of road building material the figures are used from a hypothetical open pit 
gold mine (15.000 ton of ore/day) in the United States (BCS, Incorporated, 2002): 
 
 
1. Drilling, blasting, excavation, in pit transport and in pit crushing assumed to be 440 
MJ/ton of ore (BCS, Incorporated, 2002) 
2. Primary grinding to obtain a grain size of 75 μm and of 425 μm. is calculated with the 
following formula 4.1 (Eloranta, 2007) and is thus assumed to be 15 MJ/m3 road 
building material for 75 μm and 5 MJ/m3 road building material for 425 μm. 
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W Work required 
Wi
d
 Work index  
r
d
 Required diameter in μm 
i
 
 Initial diameter in μm 
The work index for Olivine is assumed to be 12,96 kWh/ton (Wills, 2006). The required 
diameters are 75 μm and 425 μm. The initial grain size is assumed to be 2 mm. as this is the 
output of the in-pit crushing process (Hangx & Spiers, 2009).  
No secondary or tertiary grinding is used, as for the road building material no smaller grain 
sizes than 75 μm are required. 
4.2.2 Transporting material 
 
It is assumed that the dump trucks that are used to transport the road building material to the 
building site have a capacity of 20 m3
4.2.3 Placing material 
. The energy use of that type of dump truck is taken 
from information from the supplier of these trucks (www.sinoway-sh.com, 2009) and is 
assumed to be 0,36 liter of diesel/km driven. 
 
For placing the material, the three different components are the following: 
 
1. Loader, assumed to have a fuel consumption of 213 gram/kWh, the loader is assumed 
to operate 6 hours per day and produce 6 km/day (Houben, 2009). With a rated power 
of 187 kW, it is assumed that the nominal power will be 93,5 kW (www.sinoway-
sh.com, 2009). 
2. Compacter, assumed to have a fuel consumption of 215 gram/kWh, the compacter is 
assumed to operate 6 hours per day and produce 6 km/day (Houben, 2009). With a 
rated power of 132 kW, it is assumed that the nominal power will be 66 kW 
(www.sinoway-sh.com, 2009) 
3. Grader, assumed to have a fuel consumption of 223 gram/kWh, the grader is assumed 
to operate 6 hours per day and produce 10 km per day 
  
(Houben, 2009). With a rated 
power of 228 kW, it is assumed that the nominal power will be 114 kW 
(www.sinoway-sh.com, 2009). 
It is also assumed that diesel fuel has a density of 822 kg/m3 at 25°Celcius  (Fuel density, 
2009) and an energy content of 36 MJ/liter 
4.3 CO
(International Energy Agency, 2007). 
2
 
 balance 
In all described scenarios it is assumed that all processes are powered by diesel fuel. 
Diesel fuel is assumed to have an emission factor of 73,15 kgCO2/GJ (International Energy 
Agency, 2007) 
5 Results cost and energy analysis 
 
The calculations based on the different assumptions that were made in chapter four will be 
presented in this chapter. Starting with the cost analysis results and thereafter the energy 
analysis results. Finally the costs of CO2 
5.1 Cost results 
avoided will be presented. 
 
The results for the cost analysis in year 2007 dollars per kilometer for the different scenarios 
are presented in figure 5.1 and table 5.1: 
 
 
 
Fig. 5.1 Cost breakup per scenario in thousands of dollars 
  Base case Scen. I Scen.II Scen.III Scen.IV 
getting material $11,8 $12,2 $13,6 $12,7 $23,5 
transport material $16,6 $17,3 $23,0 $19,6 $38,1 
placing material $6,0 $6,0 $6,0 $6,0 $6,0 
additional costs  $14,6 $14,6 $14,6 $14,6 $14,6 
Total costs $49,0 $50,1 $57,3 $52,8 $82,1 
Extra costs 
compared to base 
case 
$0 $1,1 $8,3 $3,9 $33,2 
 
 
Table 5.1: Cost breakup per scenario in thousands of dollars 
For scenario 1, one can see a slight increase in price due to the fact that only a small portion (9,5% of 
the top layer) of gravel is replaced by Olivine. The increase of only $1.100/km is both in getting the 
material and in transporting the material.  
For scenario 2, where 85,5% of the top layer of gravel is replaced by Olivine,  this increase is slightly 
higher at $8.300/km and transportation of the material is the greatest contributor.  
In scenario 23 only small fractions of Olivine are used in both the base layer (3% Olivine) and the top 
layer (9,5%)  
Scenario 4 where 50% of the base layer and 85,5% of the top layer are made up of Olivine, sees an 
increase in price, where again the major contributor is the transportation of the building material. 
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5.2 Energy results 
 
The results for the energy analysis of the different scenarios are: 
 
 
Fig. 5.2 Energy results for all scenarios 
 
Energy use in 
GJ/km 
Base 
case 
Scen. 1 Scen. 2 Scen. 3 Scen. 4 
Getting   26 28 30 37 47 
Transport   27 28 32 29 45 
Placing   3 3 3 3 3 
Total energy use 56 59 65 69 95 
 
Table 5.2: Energy results (in GJ/km of road constructed) for all scenarios 
The energy use for scenario 1 is only slightly higher (3 GJ/km) than for the base scenario, 
which is understandable because only 9,5% of the top layer is made up of Olivine.  
For scenario 2 this increases to 65 GJ/km since there 85,5% of the top layer is made up of 
Olivine. The increase is similar in getting the material and transporting the material. 
Scenario 3 sees an increase, where getting the material has a larger contribution to the total 
amount of energy because in that scenario only Olivine with a grain size of 75 μm is used. 
The same goes for scenario 4 where getting the material and transporting the material are 
again of similar energy use. 
 
As can be seen from these results, the energy use for getting the building material and for 
transporting the material rise when more Olivine is required, the energy use for placing the 
building material remains the same, as a similar amount of cubic meters is spread on the road. 
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5.3 CO2
 
 Balance 
First the CO2 emission for the different scenarios will be given based on the results in Chapter 
4. For the 20 years lifespan of the road this gives the following CO2
 
 balance: 
 Base 
case 
Scen. 1 Scen. 2 Scen. 3 Scen. 4 
CO2 emission in ton CO2  /km     
-Getting Material 1,9 2,1 2,6 2,7 3,8 
-Transport 2,0 2,1 2,3 2,2 3,6 
-Placing 0,2 0,2 0,2 0,2 0,2 
CO2 sequestration in ton CO2 0 /km in 20 
years 
89 265 200 786 
Total CO2 avoided in ton CO2 -4 /km in 20 
years 
84 260 195 779 
      
cost of CO2 seq. in $/ton CO2 0  in 20 years 13 31 19 42 
cost of CO2 avoided in $/ton CO2 0  20 years 13 32 20 43 
Table 5.4: CO2
 
 balance for 20 years lifespan 
For the 20 year lifespan, the Olivine sequestration potentials range from 89 – 786 ton/km of 
road constructed. Since the CO2 emissions or all four scenarios only show a slight increase, 
this ensures a large amount of CO2 that can be avoided. The costs of CO2 avoided range from 
$ 13 - 43 per ton of CO2
 
 avoided.  
For the 10 years lifespan this results in the following CO2
 
 balance: 
 Base 
case 
Scen. 1 Scen. 2 Scen. 3 Scen. 4 
CO2 emission in ton CO2  /km     
-Getting Material 1,9 2,1 2,6 2,7 3,8 
-Transport 2,0 2,1 2,3 2,2 3,6 
-Placing 0,2 0,2 0,2 0,2 0,2 
CO2 sequestration in ton CO2 0 /km in 10 
years 
85 180 190 507 
Total CO2 avoided in ton CO2 -4 /km in 10 
years 
80 175 185 500 
      
cost of CO2 seq. in $/ton CO2 0  in 10 years 13 46 20 65 
cost of CO2 avoided in $/ton CO2 0   10 years 14 47 21 66 
Table 5.6: CO2
 
 balance for 10 years lifespan 
For the 10 year lifespan, the Olivine sequestration potentials range from 85 – 507 ton/km of 
road constructed. Since the CO2 emissions or all four scenarios only show a slight increase, 
this ensures a large amount of CO2 that can be avoided, ranging from 80 – 500 ton of CO2 
avoided. The costs of CO2 avoided range from $ 14 - 66 per ton of CO2 avoided.  
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One can also see that for scenario’s 1 and 3, there is only a slight difference in the CO2
The large difference in scenario 4 where in 10 years only 500 ton is sequestered and in 20 
years 779 ton is mainly due to the fact that larger grain sizes of Olivine (425 μm and 2360 
μm) take longer periods to dissolve and react with CO
 
sequestration, for in these scenarios only Olivine with a grain size of 75 μm is used. That 
grain size of Olivine has, according to the assumptions made, already dissolved for 95% in 10 
years. So it only adds another 5% of dissolved Olivine for the next 10 years.  
2
 
. 
When applying the four assessed scenarios to the total road system of Mozambique (see table 
3.1) the following CO2
 
 sequestration potentials are calculated: 
Potential for CO2 avoidance 
in Mton CO
 
2 
Base 
case 
Scen. 1 Scen. 2 Scen. 3 Scen. 4 
Total CO2    avoided in 20 years 0      1,12  3,46  2,60  10,35  
Total CO2    avoided in 10 years 0      1,06  2,33  2,46   6,65  
Table 5.7:CO2 avoidance potential (in Mton) for total road system 
6 Sensitivity Analysis 
 
To give an overview of the influences of variables, a sensitivity analysis was carried out. In 
the following chapter a detailed description is given of this sensitivity analysis. The influences 
on the costs of CO2
 
 avoided are the most significant outcome that will be analyzed. 
6.1 Influence of individual parameters 
 
 
For the sensitivity analysis two scenarios are created. A best and worst case scenario will be 
presented. For the sensitivity analysis the following parameters have been changed: 
 
 
Table 6.1 Percentage base/surface 
The percentage of base and surface gravel. Varying this parameter will have an effect on the 
ratio between top- and base layer of the road. In the worst case scenario, the top layer consists 
of 30% of the total road building material which means less Olivine on a volume scale and 
thus less CO2
 
 sequestration. 
 
   Worst Base case Best 
 Percentage passed base layer 2360 μm 34% 44% 54% 
  425 μm 13% 24% 35% 
  75 μm 3% 7,5% 12% 
 Percentage passed top layer 2360 μm 37% 52% 67% 
  425 μm 13% 24% 35% 
  75 μm 4% 9,5% 15% 
 
Table 6.2 Percentage base/surface 
Percentage passed. Varying this parameter will influence the Olivine content of the road 
building material. The material is put through a sieve, and the amount of Olivine that is 
contained in the total amount of road building material is shown in table 6.2 for each particle 
diameter. For the best case in the bas layer it can be seen that 54% of the base layer consists 
of Olivine.  
 
   Worst Base case Best 
Percentage reacted 20 years 2360 μm 3% 12% 19% 
  425 μm 15% 53% 76% 
  75 μm 67% 100% 100% 
Percentage reacted 10 years 2360 μm 2% 6% 10% 
  425 μm 8% 30% 47% 
  75 μm 40% 95% 100% 
 
Table 6.3 Percentage Olivine reacted 
  Worst Base case  Best 
Percentage base/surface 70%/30% 80%/20% 90%/10% 
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Percentage reacted. By varying this parameter, the amount of Olivine that will have reacted in 
20 and 10 years lifespan of the road will be altered.  
 
 Worst Base case Best 
Distance to source 100 km 200 km 300 km 
 
Table 6.4 Distance to source 
Distance to source. This parameter is the distance between the Olivine source and the road 
building project.  
 
 
Prices crushed stone $43 $28 $14 
 
Table 6.5 Prices of crushed stone 
Prices for crushed stone. These are the prices that are used to assume the cost of Olivine. 
 
The influence of these individual parameters is analyzed. Using different scenarios the data 
has been changed for all individual parameters. This outcome is then reflected in a spider 
diagram, showing the influence of different parameters. The different spider diagrams show 
the influence of the parameters of all four scenarios and then for the course of a 20 years 
lifespan and the course of a 10 year lifespan.  
   Worst Base case  Best 
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6.2 Scenario 1  
 
The sensitivity analysis results of the first scenario are presented in figure 6.1. 
It can be seen that for a 20 years lifespan of the road, the prices of CO2 avoided range from 
$8-27 dollar per ton of CO2 avoided. The largest influence on the worst case side is 
percentage passed. In other words, the less amount of Olivine that passes through the sieve, 
the higher the price of CO2 avoided. On the best case side the largest influence is the distance 
to the source of Olivine. As can be seen in the best case of the percentage of Olivine reacted, 
all the Olivine has already reacted long before the end of the 20 years life span and thus does 
not influence the price negatively. The ratio of base and top layer and the percentage passed 
are both not linear, since the Olivine that reacts does so in a non linear way.   
Figure 6.1: Spider diagram scenario 1 with 20 years lifespan 
 
 
Figure 6.2: Spider diagram scenario 1with 10 years lifespan 
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In the 10 year lifespan of the road the prices for CO2 avoided range between $ 8- 36 per ton 
of CO2 avoided. As can be seen from figure 6.2, the percentage of reacted Olivine has a large 
influence on the worst side of the scenario but in the best case one can see that almost all of 
the Olivine reacts in 10 years, for it does not influence the price in a negative way. Again the 
distance to the source has the most positive effect on the price for CO2
6.3 Scenario 2  
 avoided. 
 
For scenario 2 the following spider diagrams were constructed: 
 
 
Figure 6.3: Spider diagram scenario 2 with 20 years lifespan 
 
 
Figure 6.4: Spider diagram scenario 2 with 10 years lifespan 
Similar as in scenario 1 the influence of the percentage of reacted Olivine contributes greatly 
in the price of CO2 avoided especially because in this scenario larger grain sizes of Olivine 
are used. Again the distance to the source has a large contribution in lowering the costs of 
CO2 avoided. Compared to scenario 1, however, the difference in lifespan is significant. 
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Where prices for the 20 year lifespan range between $15-$80/ton of CO2 avoided, the prices 
for the 10 year lifespan range from $23-$143/ton of CO2
6.4 Scenario 3  
 avoided. 
For scenario 3 the following spider diagrams were constructed: 
 
Figure 6.5: Spider diagram scenario 3 with 20 years lifespan 
 
 
Figure 6.6: Spider diagram scenario 3 with 10 years lifespan 
For the 20 year lifespan the prices of CO2 avoided range between $9 -30 per ton of CO2 
avoided. Percentage reacted is again the major factor in determining the price in the worst 
case scenario. In the best case scenario the percentage reacted also shows that all of the 
Olivine already has reacted before the 20 years have passed. Percentage of passed Olivine and 
the distance to the source both contribute positively on the price of CO2 avoided in the best 
case scenario. 
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6.5 Scenario 4  
 
For scenario 4 the following spider diagrams were constructed: 
 
Figure 6.7: Spider diagram scenario 4 with 20 years lifespan 
 
 
Figure 6.8: Spider diagram scenario 4 with 10 years lifespan 
As would be expected for scenario 4 the influence of percentage of reacted Olivine has again 
a significant influence putting the price of CO2
One can conclude that for changing the costs of CO
 avoided in the worst case scenario to as high 
as $ 116 per ton with the 20 years lifespan to as much as $202 per ton for the 10 years 
lifespan. This is largely explained due to the fact that the larger grain sizes (425 and 2360 μm) 
of Olivine take much longer periods to react.  Here also however the distance to the source of 
Olivine have a large contribution on the positive side. This is understandable because larger 
amounts of Olivine need to be transported. 
2 avoided the largest factor to take into 
account is definitely the amount of Olivine that will have reacted in a certain amount of time.  
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7 Discussion 
 
From the previous chapter it can be seen that certain parameters have a large effect on the 
costs of CO2
 
 avoided. There are other aspects that can influence the use of Olivine as a 
substitute for road building. This chapter provides an inside in the limitations and constraints 
on this research and on the implications of the research method. 
7.1 Data collection 
 
The data that is used in this research has been taken from literature. For the cost analysis, the 
unit prices on for getting the material, transporting the material and for placing the material 
were all taken from different sources. That makes the cost breakup for the base case scenario 
a discussion issue. All costs related to the use of Olivine have been put together by using the 
unit prices that influence this cost. However it can be argued that the remaining additional 
costs are a factor that could influence the overestimation of the total costs or the 
underestimation of the costs for getting, transporting and placing the material. 
 
It is also clear that unit costs are taken mainly from American-based projects. Such projects 
tend to be equipment based whereas projects in Africa often are more labor based 
(Vermeulen, 2010) this could lead to an overestimate of the unit costs. Similar to the cost 
analysis, the energy analysis also compares two different processes. One a local based gravel 
operation powered by diesel, and the other an American mining project. It would be better to 
compare more similar processes.  
7.2 Environmental effects when spreading fine grained Olivine 
 
By using fine grained (< 75 μm) Olivine as a road building substitute, the mechanical 
properties of the gravel road change. This could have an effect on the amount of dust and 
fine-dust that is spread by passing motor vehicles. It is common knowledge that fines can be 
hazardous to once health 
 
(Brunekreef, 2006). The effects of fines cannot be ignored and 
should be properly investigated. 
But not only fines can cause problems. In using Olivine for road building, one spreads fine 
grained Olivine on the road, with the change of it spreading in the vicinity of the road. These 
particles of Olivine start to dissolve and will end up in a variety of sizes. Including as 
hazardous fines. The spreading of Olivine in the vicinity of the road generally has a positive 
effect, for dissolved Olivine adds to soil organic carbon (Swift, 2001). Reduction of acidity is 
another positive side effect of the use of Olivine 
 
(Schuiling & Krijgsman, 2006) . However 
Olivine can also contain traces of metals which can be released after dissolution (Schuiling & 
Krijgsman, 2006).  
7.3 Olivine reactions 
 
There are several different reactions found in literature of Olivine with CO2.  All these 
reactions have different potential for sequestering CO2. The natural weathering of silicate 
rocks neutralizes carbonic acid through the precipitation of magnesite and the liberation of 
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silicic acid or silica in solution (Kojima et al., 1997; Wu et al., 2001; Huijgen, 2007). In this 
process approximately 0,625 ton of CO2
The reaction that is used in this research , wherby Magnesium bicarbonate salts in solution are 
formed, which sequesteres 1,25 ton of CO2 per 1 ton of Olivine has a drawback. The 
magnesium bicarbonate salts that are produced could in time precipitate in the oceans and 
result in the following reaction 
 will react with 1 ton of Olivine (Hangx & Spiers,  
2007). When reaction temperatures drop beneath 100°C not magnesite but hydromagnesite 
precipitates (O’Connor et al., 2002a). In that case only 0,5 ton of CO2 will react with 1 ton of 
Olivine (Hangx & Spiers, 2007).   
 
5 Mg2+(HCO3)2  ↔ 4 MgCO3·Mg(OH)2·4H2O + 6CO2
 
   (7.1) 
This means that the Olivine uptake is no longer 1,25 ton of CO2 per ton of Olivine but is 
reduced to 0,5 to of CO2
7.4 Olivine dissolution rate 
 per ton of Olivine. The process of precipitation in the oceans is 
however a process which will require large amounts of time (Schuiling, 2009).  This is a good 
reason to consider a timescale including precipitation into the oceans, since it will have an 
effect on the net sink capacity of Olivine.   
 
There are several assumptions as to the weathering of Olivine under the described 
circumstances as a road building material.  
One of these assumptions is the availability of rainwater that needs to be precipitated with 
CO2 before the actual Olivine can sequester CO2
Other effects that can influence the dissolution rate of Olivine are, for example, the effect of 
crust forming on the Olivine particles whereby a Mg depleted layer is formed
. In the weathering model that is described in 
paragraph 3.5 the dissolution rate is based on the fact that the Olivine will weather in a three 
dimensional way. However one can argue that a gravel road is built to keep rain out. 
Especially the base layer prevents the precipitation of rain water. Alongside the road drains 
are built to guide excess rainwater away. Still the top layer will receive its fair share of rain 
water. It will require further research to determine the exact process of weathering under 
described circumstances. 
 (Wogelius & 
Walther, 1991). In effect, the outer layer of the Olivine particle will react and a crust will 
prevent further direct contact between the Mg rich Olivine and the CO2 rich rainwater. The 
effects of this process were not taken into account in this study and should be further 
investigated. By performing regular maintenance on the road, by which the top layer is stirred 
or raked and then compacted again, the Magnesium depleted crust that forms around the 
Olivine particle could be shed. This way the Olivine particles could continue their reaction 
with CO2
 
. 
The advantage of using Olivine as a road building material is the fact that when the road is 
replaced after 10 or 20 years (as described in this report) the Olivine will continue to react. 
When the gravel layers are replaced or re-used they will still hold the Olivine and could still 
provide CO2 sequestration for in the end 100% of the Olivine will have reacted. 
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7.5 Mechanical properties of the gravel road 
 
By introducing Olivine as a road building substitute, there is a considerable risk that this can 
have an effect on the mechanical properties of the gravel road. The idea behind gravel road 
building is to construct a road that is compact and can withstand the influence of rain and 
traffic (Houben, 2009). The initial physical aspects of Olivine (in described dimensions) to be 
used in road building are consistent with the physical aspects of gravel. So that Olivine can be 
used as a substitute (Houben, 2009). However when the process of weathering occurs, and the 
Olivine dissolves and in effect changes in appearance and in physical condition, the effects on 
the mechanical properties of the road should be properly investigated. When the Olivine 
dissolves the size of the particles shrinks and compactness of the road is reduced. Further 
research would be required to determine whether this posses a major problem or if it could be 
tackled by regular maintenance or compacting of the gravel road.  
7.6 CO2
 
 price  
Under the circumstances described in this report it is possible to use Olivine as a net sink for 
CO2. In chapter 5 it is shown that this can also be done for a price ranging from $ 8 to 202 
/ton of CO2 avoided. Since the CO2
However when all further questions have an answer, the fact remains that in order to be 
awarded for this method of sequestering CO
 price is currently difficult to predict for the near future 
(Pointcarbon, 2010), it is impossible to say when this mitigation option might become 
economically attractive.   
2, a means of registration, monitoring and 
calculating the amounts of CO2 that will be sequestered needs to be developed in order for 
CO2 certificates to be awarded.  
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8 Conclusion  
 
 
This research has shown that under certain circumstances Olivine can be used as a substitute 
for road building purposes. There are four scenarios assessed in this research. The best result 
for CO2 sequestration would be Scenario 4 in which the most Olivine is used as a substitute 
(85.5% of the top layer and 50% of the base layer). In theory this would also yield the largest 
amount of CO2 sequestered. The calculated price for this scenario is $43 (24-116) /ton of CO2 
avoided for the 20 year lifespan of the road and $66 (38-202)/ton of CO2
Another option could be scenario 2 whereby the top layer of the road largely consists of 
Olivine (85.5%). The costs of CO
 avoided. Also the 
rain infiltration and thus the reaction rate of the Olivine are likely to be influenced negatively 
when the Olivine is in the base layer of the road.  
2 avoided for the 20 year lifespan of the road are: $32 (16 -
81) /ton of CO2 avoided and for the 10 year lifespan  $47 (23-143) /ton of CO2 avoided. The 
amount of Olivine reacted has a big influence on the price of CO2 avoided. It can be seen that 
with the Olivine mixture of Scenario 2 the larger diameters of Olivine sequester too little CO2 
to be cost effective when compared to scenarios 1 and 3. The best option then from a CO2 
sequestering perspective would be to choose for Scenario 3, this would yield the largest 
amount of CO2 sequestered (compared to Scenario1) and could be done with the costs of CO2 
avoided for the 20 year lifespan of the road $20 (10 -30) / ton of CO2 avoided and for the 10 
year lifespan of the road $21(10-51) /ton of CO2
Scenario 1 is the most effective as to costs, for the 20 year lifespan $13 (10-27)/ton of CO
 avoided. However same as for Scenario 4, 
the mechanical properties of the road can be affected negatively by the dissolving Olivine and 
the rain penetration in the base layer is questionable and thus the reaction rate of Olivine in 
the base layer cannot be assumed equal to the reaction rate in the top layer of the road. 
2 
avoided and for the 10 year lifespan of the road $14 (8-36) /ton of CO2 avoided. This scenario 
has initially the least amount of negative side effects on the mechanical properties of the road. 
The long term effects of weathering merit further research (Ch. 7.5). Choosing for Scenario 1 
would mean that between 80 and 84 ton of CO2 is avoided per kilometer of road. When this is 
applied to the total road system (13297 km of gravel roads) of Mozambique the CO2 
avoidance potential is between 1,06 Mton - 1,12 Mton of CO2
 
 avoided. 
There are several parameters that have a large influence on the economic success of Olivine 
road building. The main factor being the reaction rate of Olivine under described 
circumstances which leads to uncertain percentages of reacted Olivine. What will the Olivine 
do when used in the way of road building? There is no practical, hands-on data available of 
reaction rates under described circumstances. It would be necessary to conduct further 
(practical) research to the extent of Olivine reacting under these influences. 
 
From an environmental standpoint the CO2 avoidance potential is substantial varying between 
1-10 Mton of CO2 avoided. There can be a negative effect on the environment from the 
scattering of fines. This may include a negative effect of metals (Ch. 7.2)
 
. 
This research on enhanced weathering of Olivine has shown that it is possible under described 
circumstances that CO2 sequestration, by using Olivine as a road building substitute, may be a 
greenhouse gas mitigation option. 
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